A new shock model in the rat using hemor rhagic hypotension for production of brain damage is de scribed. Hemorrhagic shock was induced by lowering ar terial blood pressure with bleeding. The MABP was main tained at �25 mm Hg, accompanied by isoelectric EEG, and then shed blood was retransfused. At 1 week of re covery, morphological and 45Ca auto radiographic changes were examined. No brain damage was observed in rats after 1 min of isoelectric EEG. Mild neuronal damage in the hippocampal CAl subfield was seen in some animals A clinical episode of shock, which is accompa nied by circulatory deficiency and systemic hy potension, is a common critical care emergency. It is well accepted that ischemia caused by reduction in blood flow plays a key role in the pathogenesis of cell injury during shock. Systemic hypotension be low the autoregulatory range of cerebral circula tion, therefore, can induce cerebral ischemia and cause brain damage. Hemorrhagic hypotension in experimental animals is a widely used model to study shock. It has been demonstrated that hemo dynamic, functional, and biochemical alterations in brain are caused by severe hypotension Kovach, 1972; Dora et aI., 1973; Reivich et aI., 1973; Kovach and Sandor, 1976; Bronshvag and Col, 1980; Savaki et aI. , 1982; Chen et aI., 1984). To our knowledge, however, there are only a few reports (Brierley and Excell, 1966; Brierley et aI., 1969) that evaluate brain damage after shock in detail. Thus, development of a simple and reproducible animal model of shock will allow studies on the pathophysiology of brain damage and on the efficacy of various treatments.
Summary: A new shock model in the rat using hemor rhagic hypotension for production of brain damage is de scribed. Hemorrhagic shock was induced by lowering ar terial blood pressure with bleeding. The MABP was main tained at �25 mm Hg, accompanied by isoelectric EEG, and then shed blood was retransfused. At 1 week of re covery, morphological and 45Ca auto radiographic changes were examined. No brain damage was observed in rats after 1 min of isoelectric EEG. Mild neuronal damage in the hippocampal CAl subfield was seen in some animals A clinical episode of shock, which is accompa nied by circulatory deficiency and systemic hy potension, is a common critical care emergency. It is well accepted that ischemia caused by reduction in blood flow plays a key role in the pathogenesis of cell injury during shock. Systemic hypotension be low the autoregulatory range of cerebral circula tion, therefore, can induce cerebral ischemia and cause brain damage. Hemorrhagic hypotension in experimental animals is a widely used model to study shock. It has been demonstrated that hemo dynamic, functional, and biochemical alterations in brain are caused by severe hypotension Kovach, 1972; Dora et aI., 1973; Reivich et aI., 1973; Kovach and Sandor, 1976; Bronshvag and Col, 1980; Savaki et aI. , 1982; Chen et aI., 1984) . To our knowledge, however, there are only a few reports (Brierley and Excell, 1966; Brierley et aI., 1969) that evaluate brain damage after shock in detail. Thus, development of a simple and reproducible animal model of shock will allow studies on the pathophysiology of brain damage and on the efficacy of various treatments.
after 2 min of isoelectric EEG. Severe and consistent neuronal loss in the hippocampal CAl subfield was rec ognized after 3 min of isoelectric EEG. Additional dam age was also seen in the dentate hilus and the thalamus in some animals. This model can be used to study the patho physiology of postshock brain damage and to assess new therapies following shock. Key Words: Cerebral isch emia-Hemorrhagic hypotension-Hippocampus Selective vulnerability-Shock.
The rat is a well-studied, relatively inexpensive, and readily available animal that has been used widely for fundamental studies on cerebral metab olism, chemistry, and physiology. The purpose of this study was to describe a new model of hemor rhagic shock and to determine the degree and dis tribution of brain damage following a minimal pe riod of hemorrhagic hypotension in the rat. One week of recovery was used because the density of brain damage may be grossly underestimated if the recovery period is not long enough (Smith et aI., 1984a) .
MATERIALS AND METHODS

Operation and induction of shock
The experiments were performed on adult male Wistar rats weighing 230--280 g. The animals were fasted over night before the operation but allowed water ad libitum.
Anethesia was induced with 2% halothane, 70% N20, and a balance of O2 using a semiclosed facemask. Both femoral arteries were cannulated with polyethylene cath eters (inside diameter 0.28 mm), and catheters were ad vanced into the descending aorta for continuous record ing of systemic arterial blood pressure and for withdrawal of blood. For EEG recording, a pair of needle electrodes were inserted into the temporal muscle. Body tempera ture was maintained at 37°C using a heat pad.
Anesthesia was maintained with 1% halothane, and the withdrawal of blood was done under spontaneous breath ing. After the physiological parameters had stabilized, blood was withdrawn from the femoral artery over a 2min period into a syringe containing 0.6 ml of heparinized saline (100 U heparin/ml saline). The arterial blood pres sure and EEG were recorded at a fast chart speed during the insult. The MABP was reduced to between 20 and 30 mm Hg by bleeding until EEG became isoelectric, and then maintained at this level by additional withdrawal of appropriate volumes of blood as required. The shed blood was reinfused after isoelectric EEG for 1, 2, or 3 min. When blood pressure had reached preshock level, the catheters were removed and the incisions were sutured. Simultaneously 0.5 ml of 0.6 M sodium bicarbonate was slowly injected intravenously to counteract systemic ac idosis.
The ischemic period was defined as the time between the onset of isoelectric EEG and the point of recovery of the EEG activity. The animals were divided into four groups: control and those subjected to 1, 2, or 3 min of isoelectric EEG (n = 10 for each group). The animals in the control group were surgically manipulated in the same way as those subjected to hypotension with the exception of the bleeding. A group of animals (n = 5) with 30 mm Hg MABP for 10 min but without disappearance of EEG activity was also included. In some animals arterial blood gases, pH, and blood glucose were measured. The ani mals were allowed to survive for 1 week following hem orrhagic shock.
Histopathology
After 1 week of recovery, the animals were anesthe tized with sodium pentobarbital (40 mg/kg i.p.). After a brief rinse with heparinized saline, the brains were per fusion-fixed via the ascending aorta with 40% formalde hyde/glacial acetic acid/methanol (1: 1 :8) for 20 min at a pressure of 120 mm Hg. On the following day, the brains were removed and immersed in the same fixative. Then they were cut coronally and dehydrated in graded strengths of ethanol over 2 days. Following immersion in xylol and paraffin embedding, they were subserially sec tioned at 5 jJ.m on a microtome and stained with cresyl violet and hematoxylin-eosin.
Quantification of intact neurons in the dorsal hippo campal CAl subfield was performed by cell counting un der a light microscope at a magnification of x400. Cells showing dark cytoplasm or shrinking were not counted. The sections were examined in a blinded fashion. Each section was photographed at a magnification of x33, the length of CAl was measured, and the number of hippo campal CAl neurons per 1 mm was calculated (Kirino et al., 1986) .
4S
Ca autoradiography
After 1 week of recovery, animals (n = 3 for each group) were injected intravenously with 45CaCl2 (100 jJ.Cill00 g body weight; Amersham) and decapitated 5 h later. The brains were removed quickly and frozen in powdered dry ice. Serial coronal sections 20 jJ.m thick were cut from the frozen brain in a cryostat at -20°C and were mounted and dried at 60°C on glass coverslips. Au toradiographs were obtained by exposing the sections to Kodak NMC-l ftlm for 2 weeks in a standard x-ray cas sette.
Statistics
Statistical differences were evaluated using Wilcoxon Wilcox tests and the two-tailed Mann-Whitney U test.
Differences with values of <5% were regarded as signif icant. Table 1 summarizes the volume of shed blood and arterial blood pressure of the experimental animals.
RESULTS
The MABP before bleeding was between 102 and 114 mm Hg. The volume of shed blood was between 27. 8 and 30.6 mllkg, and the MABP during the hy potensive and the posttransfusion periods was 22-26 and 100-117 mm Hg, respectively.The arterial P02, Peo2, pH, and blood glucose before ischemia were kept at 143 ± 12.0 mm Hg, 28. 1 ± 9. 79 mm Hg, 7. 44 ± 0. 081, and 130 ± 10. 3 mg % (means ± SD; n = 16), respectively. These parameters at 10 min of reinfusion after 3 min of insult were 135 ± 24. 2 mm Hg, 23. 3 ± 9. 32 mm Hg, 7.45 ± 0. 124, and 132 ± 2. 1 mg % (n = 4), respectively.
Slow wave EEG activities appeared within 30 s following reinfusion of the shed blood. After halo thane anesthesia was discontinued, the animals soon regained consciousness and righting reflex, Before bleeding 111 ± 12.9 102 ± 9. 6 110 ± 6.5 114 ± 9.1 During bleeding 22 ± 4. 6 26 ± 6.2 24 ± 2. 5 10 min after reinfusion 100 ± 10. 9 113 ± 9. 1 117 ± 7. 4
Values (excepting no. of animals) represent means ± SD. pressure was within normal ranges after 90 min of reinfusion. Secondary hypotension was not ob served.
Histopathology
No morphological abnormalities were seen in the control animals ( Fig. 2a ). Changes were absent in rats following 1 min of isoelectric EEG. Mild but ',," . .
j ,
.:
significant neuronal damage in the hippocampal
CAl subfield was seen after 2 min of isoelectric EEG (Fig. 2b ). Severe and consistent neuronal loss in the hippocampal CAl subfield was recognized after 3 min of isoelectric EEG (Fig. 2c ). Additional damage was seen in the dentate hilus and the thal amus in some animals. The dentate gyrus and the CA3 neurons were spared. No morphological changes were observed elsewhere, including in the cerebellum and the striatum. The distribution and density of neuronal necrosis were symmetrical in both hemispheres. Table 2 summarizes the neuronal density in the hippocampal CAl subfield. Only scat tered neuronal loss was observed here following 10 min of hypotension without disappearance of EEG activity.
Ca autoradiography
No abnormal 45Ca accumulation was seen in the control brain. Mild to moderate 45Ca accumulation was observed in the hippocampal CAl subfield fol lowing 2 min of isoelectric EEG. Severe accumula tion was recognized in the hippocampal CAl region following 3 min of isoelectric EEG, and slight ac cumulation was additionally seen in the dentate hilus and the thalamus in one of three animals ( Fig. 3) . Values represent means ± SD, n = no. of animals. a p < 0.01, significantly different from control.
DISCUSSION
In the present study, we developed a hemor rhagic shock model in the rat that allows long-term recovery and leads to neuronal damage in selec tively vulnerable brain areas. abolic alteration is produced during hypotension.
Although this model requires anesthesia during shock induction, it allows recording of EEG activity to evaluate the severity of cerebral ischemia. In fact, there was a good correlation between the du ration of isoelectric EEG and the density of the hip pocampal neuronal damage. In contrast, neuronal damage was inconsistent when hypotension did not cause isoelectric EEG.
The present model produced cerebral neuronal damage following 2-3 min of isoelectric EEG. How ever, the time of hypotension was 1-2 min longer than that of isoelectric EEG because there was a time lag between the induction of hypotension and the disappearance of EEG. Neuronal damage after complete or incomplete brain ischemia has been ex tensively studied in various animal species. Some experiments have revealed moderate to severe brain damage following 1�30 min of ischemia in rats (Pulsinelli and Brierley, 1979; Diemer and Siemkowicz, 1980; Smith et aI., 1984b; Nordstrom and Siesjo, 1987) , in dogs (Safar et aI., 1976; Vaagenes et aI., 1984) , and in monkeys (Brierley et aI., 1969; Miller and Myers, 1970; Nemoto et aI., 1977) , while other experiments demonstrated mild but clear damage in selectively vulnerable areas fol lowing 2-6 min of ischemia in rats (Hendrickx et aI., 1984; Smith et aI., 1984a; Blomqvist and Wieloch, 1985) and in gerbils (Ito et aI., 1975; Kirino, 1982) .
min 3 min
It seems likely that this discrepancy is due to the severity of the residual blood flow during ischemia and the adequacy of recirculation (Pulsinelli et al., 1982; Smith et aI., 1984b; Koide et aI., 1986) Rothman and Olney, 1986) .
Thus, we hypothesize that excitotoxic mechanisms play a key role in the development of neuronal dam age following hemorrhagic shock.
The present model simulates a clinical episode of shock, which is a frequent critical care emergency.
The model can therefore be employed for further studies of the pathophysiology of brain damage af ter shock and for the assessment of the efficiency of various therapeutic interventions for shock.
